[1] Gas seepage from marine sediments has implications for understanding feedbacks between the global carbon reservoir, seabed ecology, and climate change. Although the relationship between hydrates, gas chimneys, and seafloor seepage is well established, the nature of fluid sources and plumbing mechanisms controlling fluid escape into the hydrate zone and up to the seafloor remain one of the least understood components of fluid migration systems. In this study, we present the analysis of new three-dimensional high-resolution seismic data acquired to investigate fluid migration systems sustaining active seafloor seepage at Omakere Ridge, on the Hikurangi subduction margin, New Zealand. The analysis reveals at high resolution, complex overprinting fault structures (i.e., protothrusts, normal faults from flexural extension, and shallow (<1 km) arrays of oblique shear structures) implicated in fluid migration within the gas hydrate stability zone in an area of 2 3 7 km. In addition to fluid migration systems sustaining seafloor seepage on both sides of a central thrust fault, the data show seismic evidence for subseafloor gas-rich fluid accumulation associated with proto-thrusts and extensional faults. In these latter systems fluid pressure dissipation through time has been favored, hindering the development of gas chimneys. We discuss the elements of the distinct fluid migration systems and the influence that a complex partitioning of stress may have on the evolution of fluid flow systems in active subduction margins.
Introduction
[2] Seafloor gas seepage, often associated with gas hydrate accumulations, has gained significant research attention over the last few decades. This is because of the large unconventional carbon reservoir that gas hydrates represent, and the potential for large amounts of greenhouse gases to escape from marine sediments, which may have influenced glacial-interglacial changes and the Earth's global climate [e.g., MacDonald, 1990; Kvenvolden, 2002; Denman et al., 2007; Etiope, 2009] . Noteworthy natural carbon sources to the atmosphere include microbial oxidation of organic matter [e.g., Kurtz et al., 2003] , hydrate dissociation [e.g., Dickens et al., 1995; Kennett et al., 2003] , thermal decomposition of organic matter and volcanic outgassing [e.g., Kroeger et al., 2011; Svensen, 2012] , and degassing of shallow sediments through faults and fractures [e.g., Etiope et al., 2008; Milkov et al., 2003 ]. Methane gas (CH 4 ) from geological sources (thermogenic, microbial, and geothermal methane) is estimated to account for at least 10% of the atmospheric methane budget, making geological sources potentially the third most important methane source after wetlands and anthropogenic emissions [Etiope et al., 2008] .
[3] Microbial and thermogenic CH 4 in marine sediments is transported to the seafloor through permeable pathways. The migration of overpressurized fluids from shallow reservoirs to the seafloor leads to deformation of the sediments and development of gas chimneys and mud volcanoes, also known as plumbing systems [Talukder, 2012 and references therein] . The internal structure and driving mechanisms of these plumbing systems remain the least understood components of fluid flow systems [e.g., Judd and Hovland, 2007; Anka et al., 2012] . One key factor in understanding their development is the mechanical deformation of sediments determined by the stress history [Talukder, 2012] . Many cases of fluid migration through permeable polygonal, extensional, or thrust faults have been reported worldwide [e.g., Hyndman and Davis, 1992; Berndt et al., 2003; Gay et al., 2007; Hustoft et al., 2007; Crutchley et al., 2011] . Other studies have shown manifestations of fluid flow though mobilized sediments [e.g., Cartwright et al., 2007] , and a few studies have explored plumbing mechanisms in response to shear failure [Cartwright, 2011; Z€ uhlsdorff and Spiess, 2004] .
[4] On the Hikurangi subduction margin, New Zealand, numerous active fluid seeps occur on the crests of major ridges [Barnes et al., 2010; Greinert et al., 2010] . At Omakere Ridge, (Figure 1 ), seafloor methane seep sites have been documented and characterized in terms of their morphology and relative level of activity [Jones et al., 2010; Golding, 2012] . Gas hydrates have been sampled within the upper meter of sediments at seep sites [Bialas et al., 2007] . A seismic experiment was carried out in 2011 to determine the three-dimensional structure of the plumbing systems underlying these seeps [Bialas, 2011] . The experiment consisted of a high-resolution 3-D-seismic survey using the P-Cable seismic imaging apparatus [Planke and Berndt, 2003] and an array of 10 ocean bottom seismometers (OBSs). This paper presents the subsurface structural elements of different fluid migration systems, with and without associated present-day seafloor seepage, and proposes a complex deformation regime under the mixed influence of shear and compression.
Tectonic and Stratigraphic Settings
[5] New Zealand's North Island is bounded by the Hikurangi-Trough, where the Pacific Plate subducts westward and obliquely beneath the Australian Plate at about 40-50 mm/yr [Beavan et al., 2002] . The tectonic style of the Hikurangi margin varies depending on the thickness and roughness of the underthrusting crust, obliquity of convergence, and thickness of subducting sediments [e.g., Lewis and Pettinga, 1993; Collot et al., 1996; Barnes et al., 2010] . Toward the northern Hikurangi margin, thick oceanic crust of the Pacific Plate is subducting obliquely at 50 mm/ yr, with part of the margin-parallel motion being accommodated by strike-slip faulting [Berryman and Beanland, 1988; Collot et al., 1996] . The relative plate motion is progressively more oblique southward, where subduction eventually makes the transition to a continental transform boundary [Wallace et al., 2012] . [6] Toward the NW, the inner Hikurangi margin is underlain by imbricated Cretaceous and Cenozoic presubduction sequences and a cover of synsubduction Miocene to recent sediments. Toward the SE, the outer margin is composed of a late Cenozoic frontal accretionary wedge [Cole and Lewis, 1981; Davey et al., 1986; Lewis and Pettinga, 1993; Barnes et al., 2010] .
[7] Omakere Ridge lies in a region of the central Hikurangi margin where the plate convergence vector lies 40-50 oblique to the plate boundary. Whilst dextral faulting has been interpreted more than 70 km westward [Haines and Darby, 1987; Cashman et al., 1992] , active dextral faults have not been recognized offshore in the upper slope region of southern Hawke's Bay. This area has previously been interpreted as largely contractional [Lewis and Pettinga, 1993; Barnes et al., 2010; Paquet et al., 2011] .
[8] Omakere Ridge lies at about 1200 m water depth (Figure 1b) . The easternmost flank of the ridge is underlain by an active thrust and deeper inactive thrust imbricates [Barnes et al., 2010] . A second active thrust splay reaches the seafloor along the middle of the ridge (referred to as ''central thrust'' (CT) in Figure 1b ). The ridge is underlain by a wedge of Cretaceous and Paleogene rocks and a Miocene to Recent cover sequence. Active seeps at Omakere Ridge lie in the hanging wall of both the CT and a deeper thrust fault emerging at the seafloor at the base of the eastern flank (forelimb) of the ridge.
Morphology of Seep Sites at Omakere Ridge: Background
[9] Methane seep sites at Omakere Ridge are recognized as high backscatter regions and positive relief structures on sidescan sonar and multibeam swath bathymetry Jones et al., 2010; Golding, 2012] . Five seep sites are within the 3-D-seismic survey: Kea, Kaka, Kakapo, Moa, and Bear's Paw (Figure 1 ). The activity of these seeps has been inferred based on the abundance of chemosynthetic fauna and methane concentrations in the water column [Faure et al., 2010; Jones et al., 2010] . Bear's Paw is identified as the most active seep site, followed by Kea [Jones et al., 2010] . Gas hydrates were recovered in subhorizontal layers at 1 m below the Bear's Paw site [Bialas et al., 2007] . Moa comprises an extinct part, characterized by a high relief authigenic carbonate build-up and associated cold-water corals, and a low relief structure where anomalous methane concentration in the water column and living chemosynthetic fauna indicate present-day activity. Kaka and Kakapo are also associated with live chemosynthetic fauna and are thus believed to be currently active [Jones et al., 2010] .
Methods
[10] A high-resolution 3-D-seismic survey was acquired using the P-Cable seismic imaging tool during cruise SO214 aboard R/V SONNE [Bialas, 2011] . For this survey, the P-Cable system was used in a configuration with 16 streamers attached at 10 m separation along the cross-cable. The source consisted of a 4.2 L GI-gun deployed at 2 m water depth with a shot interval of 6 s. The 3-D survey covered an area of 2 3 7 km oriented perpendicular to the axis of Omakere Ridge (Figure 1 ). Data were recorded at a sampling rate of 0.25 ms and were resampled to 1 ms. Processing of the data included CDP binning at 6.25 m bin size, band pass filtering, deconvolution to attenuate seafloor ghosts, tide and residual static corrections, poststack interpolation to fill in data gaps, and 3-D Kirchhoff time migration. The vertical resolution of the data is 6.25 m, taken as k/4 at 1500 m/s with a dominant frequency of 60 Hz. The lateral resolution is 6.25 m-the CDP spacing in the migrated 3-D volume used for interpretation.
[11] Data were converted to depth using an average velocity function from OBSs that recorded data along the inline direction at the center of the 3-D survey (Figure 1 ). OBS receiver gathers were redatumed to sealevel followed by conventional semblance analysis [e.g., B€ unz et al., 2005; Netzeband et al., 2005] . The resulting averaged 1-D velocity function enabled us to make a good approximation of the depth of reflections in the volume, appropriate for the structural interpretations made in this paper. More detailed velocity analysis from OBS data is on-going and will be presented elsewhere.
[12] Root-mean-square (RMS) amplitudes and trace coherency were calculated along surfaces at different depths within the seismic volume (Figures 3 and 4) to investigate relationships between structural features and fluid migration indicators appearing at different stratigraphic levels. The location of surfaces within the volume is presented in Figure 2 . Seafloor seep sites and gas accumulations, as well as chimneys, manifest themselves strongly in RMS amplitude maps (i.e., as high and low RMS amplitudes, respectively), while faults, fractures, and other structural features characterized by dipping flanks are illuminated best in coherence maps. Trace coherency (i.e., quantification of local waveform similarity using dip and azimuth) was calculated using a vertical aperture of 30 ms to highlight high-angle, vertically persistent faults and fractures. A rectangular half aperture of 1 trace was used (i.e., 1 trace on each side of the central trace was used for semblance calculation). RMS amplitudes were calculated within windows of 40-100 ms centered at specific surfaces.
[13] Our results and discussion are based on five main attribute maps. From top to bottom, the maps are as follow: sf (Figure 3a) shows RMS amplitudes extracted along the seafloor; hw30-he30 ( Figure 3b ) shows coherency extracted along unconformities at the base of a sedimentary succession where fault overprinting is not observed; hw70-he250 (Figure 3c ) present coherency along the interfaces that best show fault overprinting on both sides of CT; hw250-TR-he250 (Figure 3d) shows RMS amplitudes along an envelope of high-amplitude reflections associated with major stratigraphic unconformities on both sides of CT; and hw300-he300 (Figure 3e) shows RMS amplitudes along the top reflection of a second highamplitude package, mainly present on the footwall of CT. The maps present attributes extracted along interfaces that show unique features at specific depths, which do not necessarily represent same chronological events on both sides of CT (presented together for visualization purposes), since stratigraphic constraints are not available in the area. We used different names for interfaces interpreted on both sides of CT to reflect this unknown chrono-stratigraphy within the ridge (Figure 2 ).
[14] Fault planes were extracted by auto-detection of connectivity within laterally interrupted reflections using available software (PetrelV R ). Rose diagrams with the azimuths of extracted fault planes were used for analysis of fault orientation with respect to the orientation of seafloor gas seep morphologies. Seep site morphology and fault orientations were compared against geological features observed in the bathymetry (Figure 1 ).
Results
[15] Five high-resolution seismic maps extracted along key horizons from the 3-D survey (i.e., orthogonal to the axis of Omakere Ridge; Figure  1 ) show the interconnection between gas-rich fluid accumulations and the structural elements of fluid migration systems within the upper 600 m of sediments at Omakere Ridge.
[16] Figure 3 shows through a series of composed maps, the vertical relationship between faults, seeps, and chimneys and the distribution of gasrich fluid accumulations. New overprinting faults and fluid migration related features appear consec- upper 100 m of sediments, and it has an associated thrust propagation fold (TPF) (Figures 2a and 5a ). The TPF extends toward the seafloor with a strike of 035 .
[18] A set of elongated en echelon depressions or sags are located along the axis of the TPF, 2 km north of the 3-D seismic volume (Figure 1c ). The sags are >800 m in width and have their long axis oriented ENE-WSW, with azimuths between 060 and 090 ( Figure 1c) . In vertical seismic profiles, they appear as grabens with shallow-penetrating (500 ms) extensional faults at the flanks (Figure 6 ).
Faults and Seepage on the Hanging Wall of the Central Thrust Fault
[19] Seafloor seepage expressions on the hanging wall of the CT (Kea, Kaka, and Kakapo) [e.g., Golding, 2012] are oriented NW-SE at azimuths of 290 (Figure 4 ). Coherency maps show arrays of closely-spaced (i.e., 30-90 m separation) parallel and near-parallel faults oriented NW-SE (oblique to the CT) underlying seep sites and mimicking their azimuths (Figures 3 and 4) . Each seafloor seep site appears to be sustained by more than one thin conduit. Faults oriented NNW-SSE emerge toward the east of the seeping area with azimuths around 310-330 (Figures 1, 3 , and 4). In seismic profiles, these pseudoconjugated faults are subvertical (Figures 2b and 5a ). While some of them appear to be associated with gentle, normal (i.e., extensional) vertical displacement of reflections, others do not show evident normal or reverse (i.e., compressional) vertical displacement ( Figure 2b ). They are restricted to an area of 1.5 km from the CT.
[20] The lateral extent of faulting and seafloor seepage (i.e., 1 km along the ship track) coincides with the extent and morphology of an underlying 100 m thick zone of enhanced amplitudes (HAZ1; Figure 2 ). This zone of enhanced amplitudes is restricted to a pair of small folds bounded to the SE by the CT and to the NW by a major stratigraphic unconformity (Figure 2a) . RMS amplitude maps show that the highest amplitudes occur at the crest of the westernmost fold ( Figure  3d ). The anomalous amplitude distribution characterizing HAZ1 provide evidence for a structurally controlled gas-rich fluid accumulation zone [e.g., Lïseth et al., 2009; Berndt et al., 2012] . The top reflection of this gas zone is at a depth of 500 mbsf (Figures 2a and 3d) . Here, flat bright reflections cross-cut the stratigraphy (Figures 2 and 7) possibly indicating a local bottom simulating reflector (BSR). Contours at this depth show elongated structural highs coinciding with the highest RMS amplitudes in the maps (Figure 3d ). The structural highs also match the orientation and distribution of seafloor seep sites (Figure 7b ).
[21] Vertical zones of seismic blanking mark the extent of the seepage systems (i.e., gas chimneys) underlying seep sites Kea, Kaka, and Kakapo (Figure 2) . Blanking is weaker above an unconformity at 100 mbsf (i.e., surface hw30, Figure 2a ) and does not extend deeper than the gas zone (HAZ1). Here, the term ''chimney'' refers to an aggregation of closely spaced parallel conduits. The chimneys are easily recognized on RMS amplitude maps as elliptical zones of low RMS amplitudes surrounded by high RMS amplitudes (Figure 3d ). Low RMS amplitude patches are 700 3 200 m beneath Kaka and Kakapo and 400 3 150 m beneath Kea (Figure 3d ). Contrary to some margins where cylindrical or near-cylindrical chimneys underlie the seeps [e.g., Pilcher and Argent, 2007; Hustoft et al., 2010] , chimneys at Omakere Ridge are observed as strongly elliptical to elongated low RMS amplitude anomalies (Figures 3d  and 3e ).
Proto-Thrusts and Associated
Gas-Rich Fluid Accumulations [22] In the hanging wall of CT, south of seep sites Kea, Kaka, and Kakapo, a set of proto-thrusts (i.e., subtle reverse faulting) are developed, striking 045 , subparallel to the CT (Figure 4) . The proto-thrusts are 70-100 m apart, restricted to sediments above the easternmost fold of strata containing HAZ1 (Figure 2 ). They are overprinted by the high-angle NNW-SSE component of the shear faults array associated with Kea, Kakapo, and Kaka seeps. Their lateral extent coincides with a region of diminished RMS amplitudes at the top of HAZ1 (Figure 3d) . No seafloor seep sites are associated with the proto-thrusts (Figures  2a and 3c) . Instead, a 400 m diameter bright reflection (BR) is mapped at the depth of an unconformity right at the upper termination of the proto-thrusts (i.e., at the hw30 horizon; Figures 4, 5, and 7). The wave-form polarity of BR appears to be normal (i.e., the same as that of the seafloor reflection) around the periphery of the reflection, but reversed toward the center of it, where the highest RMS amplitudes occur (Figure 7b ). BR is slightly convex-upward, with a gentle positive doming of 10 m (Figure 7a ) and it has the characteristics of a ''bright spot'', commonly used as indicators of gas caps in the sediments [e.g., Lïseth et al., 2009] . Smaller reverse-polarity bright reflections confined to sedimentary layers displaced by the proto-thrusts at different stratigraphic levels below BR (Figure 7a ), indicate additional gas-rich fluid accumulations.
Ridge-Parallel Seepage and Fault Overprinting East of the Central Thrust
[23] To the east of CT the Omakere Ridge is characterized by a bathymetric crestal depression or graben (Figures 2a and 5b) . Coherency maps at 90 mbsf show parallel, closely spaced (90 m), also NE-SW trending (parallel to CT) extensional faults concentrated in the graben (Figure 5b) . In vertical profiles, these faults show normal displacement with offsets <10 m in the upper 100 m of sediments, increasing to larger offsets deeper in the sedimentary sequence (Figures 2a and 5b) . Seafloor seep sites have been observed exclusively on the westernmost flank of the graben. These seep sites (Moa and Bear's Paw) are oriented NE-SW, at a high angle to the NW-SE oriented Kea, Kaka, and Kakapo seep sites to the west of CT (Figure 3) .
[24] A deeper and apparently older set of curvilinear faults, striking NNW-SSE (Figures 3c and  4) , is evident at a high angle to the extensional faults at 1350 m (map extracted along horizon he250; Figure 2a ). The strike of these faults varies from 360 in the north of the volume to 320 in the south of the volume (Figure 4 ). These faults have comparable orientations to the NNW-SSE striking shear faults west of the CT (Figures 3c  and 4 ), but are developed in the sequence mainly [26] The chimneys underlying Moa and Bear's Paw are recognized as low RMS amplitude anomalies with comparable dimensions to chimneys to the west of the CT (Figure 3e ). The seismic blanking is less pronounced beneath Bear's Paw. In general, blanking is more pronounced beneath he250 and chaotic reflections dominate above an unconformity that marks the depth limit at which only the NE-SW striking extensional faults are observed in the maps (Figures 2d  and 3b ).
[27] A 200 m thick interval characterized by high RMS amplitudes (HAZ2; Figure 3e ) indicates a second gas-rich fluid accumulation zone (similar to HAZ1; Figure 2a ). This gas-rich zone is restricted to folded strata that are truncated to the SE by an inactive thrust imbricate [Barnes et al., 2010] buried at a depth of 1.7 km to the east of the CT (Figures 2a and 3e) . The top reflection of HAZ2 is at 450-520 mbsf (i.e., deepening southward within the seismic survey). Seafloor seepage does not occur directly above HAZ2, but the distribution and orientation of seep sites coincides with the vertical projection of the buried thrust tip (Figures 2 and 3e ). High RMS amplitudes are not present eastward of the buried thrust fault along he300 (Figure 3e ). However, smaller high RMS amplitude patches, bounded by the shallow overprinting faults (Figure 3d ), reappear at shallower depths (e.g., at the depth of horizon he250; Figure 2a ).
Discussion

Seafloor Seepage and Its Relation to Shear, Shortening, and Stress
[28] The difference in orientation of seep sites on both sides of the CT reveals fluid migration responses to local compressional, shear, and extensional deformation, as well as a polyphase deformational history of Omakere Ridge. Notwithstanding that the regional stress state in accretionary wedges may switch dramatically, from compressional to extensional, in association with mega-thrust earthquake cycles [e.g., Sibson, 2013] , it can be thus expected that the growth of major active forearc thrust faults and folds (striking 035 ) in the study region, reflects the average orientation of the maximum compressive stress (r 1 ) to be 305 . In the hypothetical case that Omakere Ridge lies in a purely compressive stress regime [Wallace et al., 2004] , the contemporary shortening direction can be assumed to be oriented NW-SE, parallel to r 1 (Figure 4 and Table 1 ).
[29] To the west of the CT, the morphology of Kea, Kaka, and Kakapo seep sites reflects the orientation of shear faults developed oblique to the principal shortening direction (i.e., indicated by the thrusts and folds), while the morphology of Moa and Bears Paw seeps reflects the orientation of thrust faults and/or extensional faults ( Figure  4) . We interpret the array of NE-SW oriented extensional faults at the crest of the ridge east of Moa seep (Figure 5b ) likely results from flexural extension in the upper stratigraphic level of the Omakere Ridge anticline. Extensional collapse and increase of the fault offsets with depth ( Figure  5b ) indicates growth of these faults over a substantial (c. 10 5 210 6 years) stratigraphic interval [e.g., Barnes et al., 2010] .
[30] The conjugate oblique faults (290 -330 ) on both sides of the active CT (Figure 4 and Table 1) have not previously been observed in the Hikurangi margin, and are a surprising discovery of this survey. They appear from apparent lateral offsets in the coherency maps, to be shear faults (Figure 4) . There are several possible interpretations for the development of these oblique shear faults. They may have initiated as extension or conjugate shear joints related to the development of Omakere Ridge anticline. Such joints are common in fold systems and reflect extension parallel to the fold axis [e.g., Sylvester, 1988] . However, although shear faults are observed on both sides of the CT (Figure 4a ), only those shears in the hanging wall of the CT remain active and show two conjugated components (i.e., shears at the footwall are not observed above horizon he250 (Figure 3c ) and appear only oriented NNW-SSE (Figure 4 ). This observation suggests that shear faults west and east of CT may have developed somewhat independently and leads to alternative interpretations.
[31] If it is assumed that deformation has been primarily compressional [e.g., Barnes et al., 2002; Wallace et al., 2004] , and approximately normal to the active CT and TPF, the conjugate shear faults could be explained with a CoulombAnderson model (pure shear) involving complex stress perturbations in the shallow part of the ridge. The maximum compressive stress may be approximately horizontal or gently inclined and parallel to the shortening direction, with intermediate (r 2 ) and minimum compressive stress (r 3 ) axes potentially very close in magnitude but not constant in orientation through time [Golding, 2012] . In such a case, the shallow shear faults might be accommodating some of the tectonic shortening across the ridge. However, our data indicate that the local state of stress at shallow stratigraphic levels (<1 km depth) appears to be heterogeneous and temporally variable, with mixed faulting styles over several kilometers and evidence of tectonic overprinting.
[32] An alternative interpretation is therefore that the regional deformation has not been purely compressive, and distributed shears (Figure 4b ) may have resulted from localized partitioning of deformation under simple shear. Such deformation may reflect a transition from normal convergence near the subduction deformation front to a more mixed contractional and shear deformation regime further inboard [Cashman et al., 1992; Wallace et al., 2012] . Although we are not able to constrain detailed deformation beyond the area of the 3-Dseismic study, it is possible that previously unrecognized, secondary strike-slip faults are developed oblique to the ridge axis. Such faults may cut obliquely across the ridge crest and CT ( Figure  4a ), in a similar geometry to that observed at Uruti Ridge, 170 km to the southwest [Barnes et al., 2010] . They can be active contemporaneously with the major thrust faults, and be associated with the sag basins on the ridge crest immediately east of CT (Figures 1c and 4a) . We note that the orientation of inferred strike-slip faults (Figure 4a ) matches that of an oblique segment of a narrow ridge between Omakere Ridge and Rock Garden, possibly indicating similar distributed shear faulting in that area (Figure 1b) . In this scenario, the fault configuration at the crest of the ridge to the east of seeps Moa and Bear's Paw (i.e., extensional faults and overprinting shear faults; Figures 2a-3 and 4a) could be interpreted as a negative flower structure (Figure 5b) , that formed as a kinematic response to imposed boundary constraints during the mixed contractional and shear deformation regime [e.g., Woodcock and Fischer, 1986] .
[33] The conjugate shear faults oblique to the CT in the 3-D survey might represent some of the variety of secondary shears that form in cover sequences over strike-slip faults in simple shear models, such as Riedel R and R' shears (Figure 4b ) [Woodcock and Fischer, 1986; Sylvester, 1988] . We speculate that the fact that only the NW-SE component of the conjugated fault pairs has seafloor seep sites associated (i.e., Kea, Kaka, and Kakapo seeps) is due to enhanced dilation induced by a higher proximity to r 1 . Such dilation would mean that these faults (Figure 4c) became preferential paths for funneling escaping fluids. Elongated chimneys have developed along this presumably dilated, conjugate strike-slip fault component beneath the seeps (Figure 8 ).
[34] Individual seep morphology at Moa and Bear's Paw sites does not reflect the orientation of the inactive oblique shears, but rather the orientation of ridge-parallel shallowest extensional faults or thrusts (Figures 2 and 3) . These seeps are related to each other, and together reflect the orientation of a major structure oriented NE-SW. We suggest that the slight clock-wise rotation of Bear's Paw with respect to Moa may be a consequence of strike-slip movement along one of the oblique curve-linear faults (Figure 4d ).
[35] Although beyond the scope of this paper, our observations of shear faulting on this part of the margin will be relevant in a more regional sense for future studies of tectonic deformation processes occurring within the Hikurangi subduction margin. For example, strain partitioning along shear structures will have implications for seismic hazard assessment and for the general understanding of the tectonic setting of the plate boundary.
Fluid Migration Systems
[36] Different configurations of faults and structural traps have led to the evolution of not only fluid migration systems sustaining seafloor seepage at Omakere Ridge but also to the evolution of systems where gas-rich fluids reaccumulate laterally within the upper 300 m in the sedimentary column. We differentiate between four different fluid migration systems and refer to them numerically as: Systems 1 (the Kea, Kaka, and Kakapo seeps trio), System 2 (BR and the proto-thrusts), System 3 (Moa and Bear's Paw seeps), and System 4 (high-amplitude patches and overprinting extensional and shear faults) (Figure 8 ).
[37] System 1 and System 3 (Figure 8 ) are classic cold seep systems [e.g., Cathles et al., 2010; Talukder, 2012] : they consist of a shallow gas accumulation zone (HAZ1 and HAZ2, respectively), a plumbing structure (i.e., chimneys), and seafloor seepage expressions (Kea, Kaka, and Kakapo in System 1; Moa and Bear's Paw in System 3). All the seeps are associated with plumbing structures comprised of more than one parallel fault and gas chimney (Figure 7b ). Seafloor seepage in System 1 and System 3 can be directly linked to underlying shallow gas zones (HAZ1 and HAZ2). However, the RMS amplitude maps indicate that gas-rich zones extend beyond the zones of seafloor seepage (Figures 3d, 3e, and 7b) . Each fluid migration system sustaining seafloor seepage is coupled to adjacent systems (System 2 and System 4) where gas-rich fluids migrate upward from the same source but stay trapped in the subsurface (Figure 8 ).
[38] System 2 and System 4 are characterized by gas-rich fluid injection through proto-thrusts and overprinting shear and extensional faults, respectively (Figure 8 ). Migration and redistribution of gas-rich fluids is evidenced by the exclusive location of amplitude anomalies like BR (Figure 7b ) above the proto-thrusts (Figures 4a and 7b ) and smaller bright reflections along fault planes at certain stratigraphic levels (Figures 3d, 3e, and 7a) . The lateral decrease in RMS amplitudes recorded along TR (Figure 3d ) and he300 (Figure 3e) , underlying the zone of bright reflections, suggest that gas-rich fluids have migrated from the same stratigraphic level hosting HAZ1 and HAZ2 and reaccumulated in shallower stratigraphic levels or traps (Figure 3) . While the observation of reverse polarity reflection along BR is consistent with the interpretation of gas bearing sediments causing the bright reflection, the shift from strong reverse polarity to moderate positive polarity toward the edge of the reflection anomaly (Figure 7b ) suggests that other interpretations cannot be ruled out. BR may be indicating a zone of coexistence of free gas with high-impedance material, e.g., gas hydrates bearing sediments [e.g., Liu and Flemings, 2007] or buried carbonate concretions at the outer margin of the gas input zone (Figure 8) . However, the only direct indication at present for gas hydrates at Omakere Ridge comes from shallow (<3 mbsf) sediment coring [Bialas et al., 2007] . Deep penetration sampling would be needed to test interpretations of gas hydrate formation or buried authigenic carbonate at the location of BR.
Controls on Chimney Formation and Fluid Distribution
[39] Our data show evidence for a direct control of faults on seepage distribution at Omakere Ridge, as documented for other margins [e.g., Gay et al., 2007; Hustoft et al., 2007; Pilcher and Argent, 2007] . However, the mixed contractional and shear deformation regime seems to have had a particular effect on pore-fluid pressure distribution. While increased fluid pressures in the gas-rich zones (HAZ1 and HAZ2; Figure 2 ) provided the driving force for fluid expulsion through faults in the four systems, fluid flow has been focused enough to form seafloor seeps and associated gas chimneys exclusively along some of the dilated components of conjugated shears in System 1 (the Kea, Kaka, and Kakapo seeps trio) and some of the extensional faults cross-crossing a blind thrust fault in System 3 (seeps Moa and Bear's Paw). Focusing versus dispersion of the flow may have been controlled by the mixed effect of stress distribution and gas-rich fluid input from depth [e.g., Talukder, 2012] .
[40] It has been discussed whether natural hydraulic fracturing was necessary to induce the development of the gas chimneys to the present-day seafloor. Our data show that the different shear and extensional fault arrays do not extend to the seafloor (Figures 1 and 3) . Moreover, several unconformities mark important changes in both the deformation regime and the seismic character of the gas chimneys (e.g., hw30-he30; Figures 2 and 5). Changes in the anatomy of chimneys and different periods of evolution have been documented e.g., for chimneys in the Norwegian margin [Plaza-Faverola et al., 2011; Gay et al., 2012] . These observations lead us to suggest that beneath certain stratigraphic levels, channeled fluid flow have exploited existing geological structures in order to ascend vertically but that final stages of fluid migration toward the seafloor may have occurred in the absence of large-scale, highpermeability structures. Instead, on account of lower overburden stresses at shallow depths [e.g., Talukder, 2012 and references therein], it is likely that the migrating fluids were able to generate their own flow paths, either by migrating in a diffusive way through sediment pore spaces or by causing hydrofracturing, which occurs when pore-fluid pressure exceeds the minimum principal stress and the tensile strength of the sediments [Roberts and Nunn, 1995; Roberts et al., 1996; Luo and Vasseur, 2002] (Figure 8 ). The presence of randomly distributed fractures captured on coherency maps above he30 within the chimney underlying Moa (Figure 5b ) supports the notion of hydrofracturing playing a role during the latest stage of chimney development. Thus, fluid flow behaved somewhat passively, by exploiting existing structural networks at depth, and also more actively closer to the seafloor where fluids generated their own migration pathways above (and along) shear faulted weakness planes (Figure 8 ).
[41] Fluid flow through proto-thrusts and overprinting shear and extensional faults has been accompanied by lateral migration at different stratigraphic levels (Figures 2, 7, and 8) indicating a more disperse flow through time, likely inhibiting the formation of chimneys in these systems (Figure 8) . A progressive and steady build-up of porefluid pressure in normally compacted sediments may have led to ductile deformation [Bolton et al., 1998 ], inducing progressive dissipation of fluid pressure through already in-place-permeable faults. An interesting observation is the pop-up like structure that comprises System 1 (the Kea, Kaka, and Kakapo seeps) and adjacent System 2 (BR and the proto-thrusts) (Figure 7a ). We interpret this structure as the result of mobilization of undercompacted-buoyant material possibly indicating pore-fluid pressures as high as lithostatic [Behrmann, 1991] associated with the activity of the CT. We would expect such deformation to have occurred prior to the onset of hydrofracturing and latest stages of chimney formation.
[42] While a continuous BSR (i.e., indicating the depth of the base GHSZ) is not observed in the PCable 3-D survey area, a 500 msbsf deep BSR is well documented in regional seismic profiles adjacent to Omakere Ridge ( Figure 6 ). Moreover, Krabbenhoeft et al. [2013] and Barnes et al. [2010] interpret the presence of BSR indicators in 2-D seismic lines crossing the 3-D survey area. The top of the HAZ1 horizon and the flat reflections associated with it ( Figure 7a ) coincide with the depth of these BSR indicators [Barnes et al., 2010; Krabbenhoeft et al., 2013] , but it appears elevated in places with respect to the projected regional BSR by up to 40 m (e.g., Figures 2a and  7a ). This observation indicates, first, that free gas is not staying trapped extensively along the BGHS locally at Omakere ridge. Instead, gas may be transported away from the BGHS by fast-moving fluids and thus BSR gaps mark areas with high rates of fluid expulsion, as postulated for other locations along this margin [Barnes et al., 2010; Pecher et al., 2010] . Small amounts of free gas trapped at the BGHS would be enough to form a BSR [e.g., Bangs et al., 1993; Hornbach et al., 2012] ; and second, that shoaling of the BGHS Hornbach et al., 2012] is possibly occurring due to upward migration of fluids at discrete fluid injection zones (e.g., HAZ1). This could indicate that some of the fluids expelled on the Omakere Ridge originate from deep sources such as the subduction zone. Estimates of advective heat flux for the Porangahau Ridge further south, where BGHS shoaling is even more pronounced, have demonstrated that while high rates of fluid flux are required for fluids sourced from the base of the slope basins (1500 mbsf), only moderate flux rates are required if fluids generate at 5000 mbsf, the depth of the subduction interface .
Seepage Periodiciy
[43] Annual observations of seep sites at Omakere Ridge suggest that seepage is intermittent [Bialas, 2011] . This scale of intermittency may be explained by subtidal modulation of gas flows through small-scale pressure changes. However, the presence of gas hydrates and authigenic carbonate precipitations at seep sites [Bialas, 2011; Golding, 2012] suggests an auto-sealing mechanism common at methane seep sites where precipitation of authigenic carbonates [e.g., Hovland, 2002] or highly concentrated hydrate deposits closes off permeable flow paths to the seafloor [e.g., Bangs et al., 2011; Kannberg et al., 2013] . Consecutive periodes of seal-bypassing and hydrate dissosiation, followed by reaccumulation of authigenic carbonate and hydrates, respectively, leads to periodic seepage. The presence of hydrates and/or authigenic carbonate precipitations within the upper sediments beneath seeps at Omakere Ridge has been inferred based on recent analysis of backscatter and reflectivity data [Golding, 2012] and suggests that these auto-sealingperiodic seepage systems may have been active for many thousands of years. These interpretations are supported by the existence of reflection pullup, especially evident in the seismic profiles beneath Kea and Kakapo (Figure 7a ), which suggests an increase in seismic velocities (Figure 7c ). This pull-up effect is commonly observed in chimneys piercing through the GHSZ [e.g., Hustoft et al., 2007] and has been partially explained as a velocity effect due to the acceleration of waves traveling through hard material (e.g., hydrates and/ or authigenic carbonate) existing at discrete layers inside the chimneys [e.g., Plaza-Faverola et al., 2010] .
[44] Jones et al. [2010] and Golding [2012] suggested, based on characteristics of chemosynthetic organisms and the inferred thicknesses of authigenic carbonates, a relative chronology of the seeps with respect to each other. Moa is believed to be the seep site with the longest period of activity (part of Moa is currently inactive), while Bear's Paw is believed to be the youngest but more active seep in the region [Jones et al., 2010; Golding, 2012] . 3-D-seismic mapping shows that the chimney associated with Bear's Paw is also the least developed among the imaged chimneys ( Figure 3 ). Our observations support the notion of autosealing of Moa and lateral relocation of the gas toward Bear's Paw.
[45] At a more general scale, periodicity of seepage in marine sediments has been found to be coupled to natural fluid pressure cycles regulated by opening and closing of faults and fractures [e.g., Rice, 1992; Evans et al., 1997; Roberts and Carney, 1997; Miller and Nur, 2000] . A recent study from offshore Pakistan demonstrates that due to the large areas affected, earthquaketriggered gas discharges to the seafloor through faults and fractures are more significant than previously suspected (i.e., with annual gas input to the oceans comparable to single mud-volcanoes in different margins) [Fischer et al., 2013] . In the case of the Hikurangi margin, fluid seepage periodicity is likely to be partially coupled to earthquake cycles and fault displacement [Hull, 1990; Moore and Vrolijk, 1992; Sibson, 2013; Fischer et al., 2013] .
Conclusions
[46] High-resolution 3-D-seismic mapping at Omakere Ridge, offshore New Zealand's North Island, reveals shear, extensional and compressional structures implicated in gas-rich fluid migration into the gas hydrate stability zone and seafloor seepage at a scale previously not observed along the margin. Shear structures contemporaneous with major thrust faults and folds, developed at <1 km depth, under pure compression or from partitioned thrust faulting and distributed shear fracturing under simple shear. Such shear faulting has not previously been identified in this part of the Hikurangi margin. These new observations from 3-D-seismic data will have implications for reconstructing the tectonic evolution of the Hikurangi margin, future hazards assessment and for further understanding the interaction between structural deformation and fluid expulsion along subduction margins.
[47] Complex stress heterogeneities led to the development of different fluid flow systems within an area of only 2 3 7 km. Although faults have had a direct control on fluid distribution at Omakere Ridge, the balancing effect of localized stress and fluid input from depth resulted in different styles of fluid flow through these faults (i.e., focused versus disperse), thereby determining the distribution of gas chimneys and seafloor seepage. Elevated fluid pressures in gas-rich fluid zones have provided the driving force for fluid flow through existing structural networks at depth. In the absence of pre-existing permeable paths closer to the seafloor, however, elevated pore-fluid pressures appear to actively generate fluid migration conduits by fracturing the sediments along preferential shear-faulted weakness planes. Permeable proto-thrusts and normal faults have likely facilitated progressive drainage of fluids during compaction (both, through faults and along layers), hindering chimney formation. The timing of overpressure with respect to the onset of shear and compression may be one factor determining structural differences between the fluid migration systems.
[48] The Omakere Ridge seems to be one of the key locations along the Hikurangi margin where fluids are migrating from deep sources into the hydrate zone and eventually the seafloor. Gas-rich fluid entrapment responsible for excess pore-fluid pressure generation and chimney formation has been structurally controlled and has occurred at the approximate depth of the regional base of the gas hydrate stability zone. In the absence of structural traps, gas has been transported well into the hydrate zone by deeply sourced upward migrating fluids, locally impeding the development of classic through-going BSRs.
